actions of chinoform and oxine on isolated phrenic nerve-diaphragm preparation of the rat and the uptake of chinoform by rat diaphragm strip were in vestigated. Chinoform and oxine decreased both twitch responses to indirect and, to a lesser extent, to direct stimuli in the rat phrenic nerve-diaphragm preparation. The depressant action of oxine was reversible whereas that of chinoform was irrever sible and always accompanied by a marked rise in muscle tone. The neuromuscular block caused by these drugs was enhanced rather than antagonized by eserine and KCl. The depressant action and the rise in muscle tone caused by chinoform dis appeared in vitro by lowering muscle temp., by suspending the drug in dog serum and also by conjugating it with glucuronic acid. When rat diaphragm strips were incubated aerobically in Krebs-bicarbonate solution containing chinoform for 1 to 5 hr at 37&deg;C, the drug was accumulated against a concentration gradient until con centration ratio (muscle/medium) of up to 36: 1 had been attained. These findings indicate that rat diaphragm strips accumulate chinoform largely by intracellular bind ing and that the drug can act intracellularly as a metabolic poison.
form, and whether or not to utilize the drug for further treatment should be given careful consideration. Relevant investigations on the drug and its intoxication accumulated evidence leading to the same conclusion, although a trial to produce pathognomonic symp toms such as seen in SMON, failed in the guinea pig (8) . Species difference should be noted in evaluating the toxicity of chinoform (9) .
As has been previously mentioned, there have been many clinical observations on unusual neuropathic or sensory disorders during and after treatment with chinoform (10 15) , however, reports concerning the action of chinoform on isolated skeletal muscle are not available.
In the present experiment, the action of chinoform on the isolated phrenic nerve diaphragm preparation of the rat was first examined by comparing it with that of corre sponding 8-hydroxy-quinoline (oxine) which is not a halogenide. Also the time course of the changes in diaphragm content of chinoform was measured fluorophotometrically to demonstrate the accumulation of the drug in the muscle strip after immersing it in the solutions containing various concentrations of the drug.
MATERIALS AND METHODS 1. Experiment with Biilhring's preparation of the rat Preparation: The isolated phrenic nerve-diaphragm preparation of the rat (16) was used throughout the experiment with a minor modification of the procedure employed by Takiuchi (17) .
Male rats of Wistar strain, weighing 170 to 230 g, were stunned by a blow on the head and then sacrificed by exsanguination from the common carotid arteries. The phrenic nerve on the left side was carefully detached with connective tissue, starting from the cervi cal plexus to the diaphragm as long as possible. An entire or hemidiaphragm was re moved immediately with the nerve. The strip of diaphragm was cut out with its costal margin into an equilateral triangle in which the central tendon was the vertex and costal insertion was the base. The phrenic nerve entered the triangle approx. at the point of two thirds of the perpendicular from the vertex to the base.
Solution: The preparation was mounted on a holder and set up in a 25 ml jacketed organ bath containing a Krebs-hicarhonate solution of the following composition (mM/ 1): Na+ 144; K+ 4.7; Ca" 21.25; Mg" 0.52; Cl 129; I ICO3 24.7; H,PO,,' 1.2; with glu cose 2.0 g/l. In the experiment of changing the ionic environment, calcium or magnesium concentrations were changed by replacing the osmotically equivalent amount of sodium. The solutions, whether for normal or for changing the ionic environment, were gassed with a mixture of 95')/,/, oxygen and 5",", carbon dioxide for at least 30 min prior to use and also during the experiment.
Electrode: Two pairs of platinum electrodes were used for direct and indirect stimu lation. The electrode holder of the anode for direct stimulation also served for fixation of the costal margin of the preparation. It consisted of a plastic rod, 1 8 cm long, 0.6 cm thick and 0.8 cm broad, making a right angle 2 cm from one end. The platinum electrode
(1 mm in diameter) exposed on this shorter arm was covered up by the costal end of the preparation by two ligatures to the shorter arm and it lay horizontaly in the bath as shown in Fig. 1 . The musclotendinous junction was connected by a string to an isotonic lever giving tenfold magnification. Another pla tinum electrode was used as the cathode for direct stimulation and it was fixed in the neighbourhood of the musclotendinous junction which was positioned just at the meniscus of the fluid in the bath, the exposed portion being kept moist by the spray from bubbling the solution.
Another electrode holder for indirect stimulation consisted of the same material and dimensions as that used for direct stimulation, except that its shorter arm made an angle of 30° outward to the plane including front and rear sides of the vertical centerline when the longer arm was set upright with the electrode holder for direct stimulation.
The phrenic nerve was placed on a pair of platinum electrodes (0.5 mm in diameter), exposed on this shorter arm and was positioned at the fluid-air interface by sliding the longer arm along the plastic rod for direct stimulation. These electrodes were connected to an electric stimulator by platinum wires passing inside the plastic rods. paration of the rat. The preparation was stimulated alternately through the nerve and directly at 4 shocks/min and isotonic recordings of the twitch response to direct and indirect stimuli were made.
Stimulator:
Owing to the large portion of shunting (or sliding) current, it was not possible with the usual type of electronic stimulator to obtain enough voltage to stimu late the muscle which had been totally immersed in the fluid.
The electric stimulator used in the experiment consisted of a pair of RC circuits, each having a three-contact rocking mercury switch and a parallel combination of resistance and capacitance connected to an electric battery through the switch. Each circuit was electrically separated but mechanically linked by tilting the switches in the circuits with a synchronous motor (2 r.p.m.) through a non-co-axial rotor and a crank (Fig. 2) . Thus the capacitors in each circuit were charged and discharged alternately at 30 sec intervals with a time lag of 15 sec to one another. The nerve and muscle were stimulated alter nately every 15 sec by discharging the cap`citors in each circuit through 3 k!2 resistors in parallel with the electrodes for direct and indirect stimulati:)n respectively. To stimu late the nerve, a 0.1 /eF capacitor, charged to 6 V, was used while a 111F capacitor, charged to 67.5 V, was used to stimulate the muscle directly. The temp. of fluid in the bath, unless otherwise noted, was raised gradually from room temp. and kept at 37'C by pumping water from a thermoregulator through the water jacket.
Some experiments were carried out at room temp. The height of contraction and the tone of the muscle became constant in about 15 min and remained constant for up to 10 hr with the rate of stimulation at 4 shocks min, refreshing the fluid in the bath every 2 hr. Recordings were made on smoked paper and original records were reversed to the op posite in black and white.
Incubation experiment rt'ith chinoform
Samples were obtained from individual rat diaphragm or portions thereof. Dia phragm muscles were cut into squares of a constant surface area of approx. 1 cm' and after washing three times were incubated with chinoform and various other drugs at 37°C for up to 5 hr in a 25 ml organ bath containing Krebs-bicarbonate solution as described in the preceding section. The solution was gassed with a mixture of 95% oxygen and 5°% carbon dioxide during the incubations. In most of the experiments the incubations were made as follows: samples were first incubated for 15 min at 37'C, chinoform was then added in a constant volume of 0.5 ml and incubation continued for up to 5 hr. In some instances, the temp. of incubation was lowered to 22°C (room temp.). In experiments on inhibition or acceleration of chinoform uptake by drugs, the pre-incubation time was extended to 30 min, the drugs being added after 15 min and chinoform 15 min later. The pH of the incubation medium was main tained between 7.6 and 7.8.
Estimation of chinof n ni uptake: The extraction and determination of chinoform in isolated strips of rat's diaphragm were performed with a newly improved method which is originally developed by Tsuji et al. (18) . The principle is based on the fact that the magnesium chelate of chinoform shows an intensity of fluorescence that is directly related to concentration. This method is more suitable for estimation of chinoform in tissues than the original method (18) . All necessary steps for the assay procedure are illustrated in oxine were dissolved in 0.1 N NaOll, a preliminary experiment was carried out to investi gate the effect of the solvent. In the rat diaphragm, amounts up to 0.8 nil of the solvent had no effect on the twitch response, when added to the medium in the bath. Consequ ently, chinoform and oxine were administered in a constant volume of 0.5 ml. chinoform caused no significant effect on the twitch response during a 2 hr period of stimu lation. However, the twitch responses to both direct and indirect stimuli gradually de creased by 6')/ after 4 hr. A partial neuromuscular block was observed 5 hr later, i.e., the twitch response to indirect stimulus decreased by 22"/ while the twitch response to direct stimulus decreased by 15"," , . Thus the decrease in twitch responses to both direct and indirect stimuli developed gradually over several hr. Eight hr later after administ ration of chinoform, twitch response to indirect stimulus had decreased by 84"/0 while twitch response to direct stimulus had decreased by 53 %, and the tone of the muscle was gradually raised. A complete neuromuscular block was observed after 9 hr, but twitch response to direct stimulus remained. Both responses finally ceased and the tone of the muscle remained at the completion of the rise 10 hr later. After washing the preparation 27 times with fresh Krebs-bicarbonate solution for a period of 30 min, neither responses recovered.
Chinoform showed similar effects on the preparation in concentrations of 2.5, 20, 40 and 80 ,gig/ml with the intensity of the depressive effects being proportional to the con centration while the time required for the muscle to be depressed to the final cessation was inversely proportional to the concentration. In all the doses investigated, chinoform caused neither fibrillation of the diaphragm muscle nor a phase of increased twitch response. From these results, a concentration of 60 /_ag/m1 of chinoform was chosen as an analytical concentration in the following experi ments.
Effects of eserine and raised potassirun concentration on time depressant action of chino form: Production of neuromuscular block by d-tubocurarine (1.2 lag/ml) was completely antagonized by eserine (0.05 tig/ml) and also temporarily antagonized by raised potas sium concentration (0.2 mg/ml) in the isolated phrenic nerve-diaphragm preparation of the rat. After confirming the above facts, the following experiments were carried out. a : Oxine (115 ug,/ml) was added at OX. Twenty-three min elapsed during the pause shown by the arrow 23 min. At 3W the preparation was washed 3 times with fresh Krebs-bicarbonate solution and so forth. b : Oxine (230 pg,,'ml) was added at OX. c : Eserine (0.05 ug/ml) was added at ES prior to oxine (230 ug,; ml) at OX. d : KCl (0.2 mg;'ml) was added at KC1 prior to oxine (230 ug; ml) at OX.
Oxine (60 fag/ml) caused no significant effect on the twitch response and muscle tone during a 1 hr period of stimulation. However, twitch response to indirect stimulus was reduced by 11 / while twitch response to direct stimulus was not affected 2 hr after ad ministration. By administering 100 pg/ml of oxine both twitch responses gradually de creased. Maximum depressions produced by this dose were 36"/0 for both twitches to direct or indirect stimulus 30 min after administration. In doses of 60 and 100 'tg/ml of oxine, rapid and complete recovery from the depression was always obtained by washing the preparation. No rise of muscle tone was assessed. Fig. 5 -a shows the effect produced by 115 erg/ml of oxine. After administration, both twitch responses to direct and indirect stimuli simultaneously decreased. One hr after administration, twitch response to direct stimulus decreased by 46% while twitch response to indirect stimulus decreased by 50(',,,, i.e., a slight neuromuscular block. By washing the rreparation 12 times with fresh Krebs-bicarbonate solution, both responses recovered completely to the control level as shown in Fig. 5-a . Fig. 5-b shows the effect produced by 230 /eg; m1 of oxine. On administering oxine, both twitch responses rapidly decreased. Twitch response to indirect stimulus disap peared 37 min later after administration while twitch response to direct stimulus still re mained at 26`,';. With this dose, the depressant action of oxine on the muscle was clearly preceded by its neuromuscular blocking action. By washing the preparation 12 tines with fresh Krebs-bicarbonate solution, both responses recovered completely to the con trol level.
More potent depressant action was observed by administering 460 1 -tg/nl of oxine.
In all the closes investigated, oxine caused neither fibrillation of the diaphragm muscle nor a phase of increased twitch response. Recovery from the depressant action of oxine by washing the preparation was rapid and apparently complete, however, a cumulative effect of oxine was demonstrated by repeated administrations of the same dose of oxine (230 ; ig/ml) to the same preparation at an interval of I hr. Accordingly, successive ad ministration was avoided in the experiments using oxine. A dose of 230 jtg/ml of oxine was chosen as an analytical dose in the following experiments. EJ/ecls of csel'Ulc' and raised potassilwl concentration on the depressant action of oxilic:
Fig. 5-c shows the effect of pretreatment with eserine (0.05 dig/ml) on the depressant action of oxine (230 ,eg/ml). The action of the same dose of oxine as used in the control experi ment (Fig. 5-b) following the increase of responses to direct and indirect stimuli by eserine was markedly potentiated. The time required to completely block the neuromuscular junction was reduced to two-fifths of a single administration. Fig. 5-d shows the effect of pretreatment with KCI (0.2 mg/ml) on the depressant action of oxine (230 /ig/ml). The subsequent administration of oxine during the increased twitch responses by KCI resulted in a marked synergistic effect. Both preparations pre treated with eserine or KCI showed complete recovery by washing.
The interaction of chinoform ivith srrccinvlcholine acrd cl-tubocnrarinc: Fig. 6 -a shows the effect produced by chinoform (60 ,rzg/ml) as a control experiment. By administering 0.3 jig/nil of succinylcholine responses to both direct and indirect stimuli were not affected. The subsequent administration of chinoform (60 /ig/ml) caused an immediate decrease of twitch response to indirect stimulus. The depressant action of chinoform on the response elicited by direct stimulus was also potentiated especially at the later stage of its action. a : Effect of chinoform (60 pg1'ml) added at CF. At 24W the preparation was washed 24 times with fresh Krebs-bicarbonate solution and so forth. b : Succinyl ~h dine (0.03 ; eg/inl) was added at SC prior to chinoform (60 ,tg/ml) at CF. Three ruin elapsed during the pause shown by the arrow 3 min. c d-Tubocurarine (4 fib /ml) was added at d-TC prior to chinoform (60 ; ig/ml) at CF. Effect of changing ionic environment on the depressant action of chinoform: Fig. 7-a shows the effect produced by 60 /tg/ml of chinoform when the concentration of calcium ion in the solution was reduced to half. Evidently, the neuromuscular blocking activity of chinoform was greatly increased while the rise of the muscle tone decreased as com pared with normal controls. Effect of temperature and the action of chinoform suspended in do, serum: Fig. 8-a shows the effect produced by administration of chinoform (40,ag/ml) suspended in dog serum. Twitch responses to direct and indirect stimuli were not affected by administra tion of chinoform (40 /cg/ml) suspended in dog serum during a 2 hr period of stimulation. FIG. 8 . Isolated phrenic nerve-diaphragm preparation of the rat. a : Chinoform (40 beg/ml) suspended in dog serum was added at CF. b : Chinoform (60 j~g,,ml) was added at CF and no effect was observed during 1 hr at 24°C. The preparation was washed at W and then the temp. of bath fluid was gradually raised from 24°C (at A) to 37'C (at B).
The response of the isolated phrenic nerve-diaphragm preparation of the rat to chino form was extremely sensitive to change of temperature. Fig. 8-b shows the effect of temp. change on the action of chinoform. At the beginning of the experiment the temp. of bath fluid was kept at 24°C. By administering chinoform (60 beg/ml) no change in twitch re sponses to direct and indirect stimuli, or in the muscle tone was observed at this temp. during 1 hr. Then the preparation was washed with fresh Krebs-bicarbonate solution at the time shown by arrow W. The temp. of bath fluid was gradually raised from 24°C (at the arrow indicated by A) to 37°C (at the arrow indicated by B). The initial facilita tion of both responses to direct and indirect stimuli was similar to that observed by rais ing the temp. of bath fluid in the control experiments. Maximum twitch response to both stimuli was attained at approx. 28°C. When the temp. of bath fluid was raised at approx. 30°, the depressant action of chinoform accompanied with the rise of the muscle tone was suddenly revealed. Similar results were obtained when chinoform (60 ,tg/ml) was left in the medium and then the temp. of bath fluid was raised to 37°C.
On the other hand, chinoform glucuronide (100 /tg/ml) showed no effect on twitch responses to direct and indirect stimuli over a 1 hr period of stimulation at 37°C. The pattern of uptake of chinoforrn by rat diaphragm strip incubated for up to 5 hr is shown in Fig. 9 and Table 1 .
Uptake was rapid for 1 hr after incu bation and then the rate of uptake declined 2 hr later but chinoforrn was still being taken up even after 5 hr of incubation (Fig.   9 ). The higher the incubation concentra tion of chinoforrn, the greater was the initial rate of uptake.
FIG. 9. Uptake of chinoform by rat diaphra gm strips plotted against time (hr) of exposure to chinoform in the concentra tions of 80 pg/ml (0), 40 pg/ml (Cc)) and 2.5 pg/ml (is). Each point is the mean of four or five experiments, the vertical bars indicating ±S.E. In relation to the absence of the de pressant action of chinoform (60 fag/ml) at room temp., the effect of lowering the incubation temp. on uptake of chinoform was studied. When four groups of rat diaphragm strips were incubated for up to 5 hr with chinoform in a concentration of 60 ,ug/ml at 22°C, uptake was not affected significantly at l , 2 or 5 hr after incubation as compared with the values at 37°C (Table 1 and Fig. 10 ).
Chinoform uptake was so rapid that the concentration of the drug in rat diaphragm strip (Ci) would have probably exceeded the medium concentration (Co) shortly after start ing incubation. In some experiments incubation was discontinued 10 min later and al most equivalent values for chinoform uptake to that of 1 hr incubation were detected.
The Cj/Co ratios after incubation with chinoform for 5 hr are given in Table 2 . The ratio was as high as 36 with 2.5 ,ug/ml and the ratios at the higher concentrations were as low as 10. Fig. 11 indicates that the accumulation of chinoform by rat diaphragm strips was closer to saturated state as the medium drug concentration was increased to about 10' M. Additional experiments were done using ouabain (2 x 10-'5 M) and a mixture of 95 nitrogen and 5 % carbon dioxide. First, rat diaphragm strips were incubated with oua bain 15 min prior to incubation with chinoform. Ouabain (2 x 10-6 M) produced a 59 acceleration in the uptake of chinoform (60 pg/ml) during 1 hr at 37°C. The uptake of chinoform was accelerated rather than inhibited by ouabain. Second, the incubation medium was gassed with a mixture of 95 nitrogen and 5 % carbon dioxide for 1 hr prior to incubation with chinoform at 37°C. The uptake of chinoform was not affected sig nificantly by this anaerobic incubation. DISCUSSION The present investigation demonstrates that both 8-hydroxyquinoline derivatives, chinoform and oxine, reduce both twitch responses to direct or indirect stimulus in the isolated phrenic nerve-diaphragm preparation of the rat. Although the depressant action of chinoform appeared comparatively slow, the potent action was evidently indicated by the minimum concentration (0.25 ,ug/ml) used. The action of chinoform, as compared with that of oxine, was quite different in two respects. The depressant action of chino form was irreversible, whereas that of oxine was easily removed by washing the prepara tion. Chinoform caused a marked rise of muscle tone during the depressant action while oxine did not. These differences between chinoform and oxine may be due to halogenation of the quinoline ring in the positions of 5 and 7 in the molecule of chinoform.
As regards the mode of action of the neuromuscular block caused by these compounds, our results indicate that the nature of the block was postsynaptic and probably not due to competition with acetylcholine at the postjunctional membrane , because the block was actually enhanced rather than antagonized on pretreatment with eserine and KCI. The finding that chinoform showed a marked synergistic effect with succinylcholine (0.3 J''tg/ ml), together with above mentioned synergism with eserine and KC1, suggests that chino form and oxine have some depolarizing activity at the postjunctional membrane in the preparation.
The rise in muscle tone caused by a single administration of chinoform (60 ,ug/ml) usually proceeded in two steps: The first was a transient rise about 10 min after admin istration and the second, a rapid rise at a later stage about 35 min after administration. The first transient rise in muscle tone was markedly enhanced with pretreatment with eserine and KCI, and when the concentration of calcium ion in the solution was reduced by one half. These combined effects of chinoform with eserine, increased potassium ion and decreased calcium ion on the first rise of the muscle tone indicate that chinoform can act both at the postjunctional membrane and at the adjacent parts of the sarcoplasmic membrane. The second rise of the muscle tone is probably related to the intracellular action of chinoform on the muscle cell itself.
Successive administration of EDTA (73 pg/ml) in Ca-Mg-free Krebs-bicarbonate solution caused a transient rise of the muscle tone very similar in appearance to that caused by chinoform in 1/2 Ca-Krebs-bicarbonate solution. Furthermore, muscle twitch re sponse was gradually reduced and finally ceased with further administration of EDTA . However, EDTA failed to cause the same rise in muscle tone as the second rise produced by chinoform. These findings exclude the possibility that chinoform acts on the isolated phrenic nerve-diaphragm preparation of the rat as only a chelating agent.
In the experiment using a dog serum suspension of chinoform, the concentration (40 ,tg/ml) used was the maximum concentration that could be attained. Absence of the action of chinoform when the drug was suspended in dog serum suggests that the drug must be inactivated by binding with serum protein. Hence, special attention should be given when we extrapolate from the experiment in in vitro where protein is poor, to the effects of chinoform in i'ivo where protein is rich.
By lowering of the muscle temp., the action of chinoform disappeared. It is of inter est that lowering of the muscle temp. resulted in augmentation and prolongation of the block caused by decamethonium whereas this had the opposite effects on the blockade due to d-tubocurarine (19, 20, 21) . Moreover, chinoform and oxine caused neither tran sient muscular fasciculation nor increased twitch response prior to its block while these were characteristic features of decamethonium. These findings make it difficult to dis tinguish clearly the block caused by chinoform and oxine from that produced by deca methonium. Although the nature of the block by chinoform and oxine was clearly dis tinguished from that of d-tubocurarine, it must not he concluded that the compounds were acting as depolarizing agents. Pharmacological classification of the depolarizing agents is still a subject of uncertainty. The most important effect of chinoform and oxine appeared to be direct action on the muscle.
Our results from incubation experiments show that chinoform can be taken up and accumulated by the muscle cells during incubation even at a low temp. It has been sug gested that chinoform may be acting as a metabolic poison, as the action of chinoform was comparatively slow, easily affected by temp. and acting directly on the muscle. Fur thermore, its intracellular locus is evident.
It has recently been reported that chinoform (0.4 mM) can act as an uncoupler in oxidative phosphorylation in the isolated mitochondrial preparation from a rat liver, while chinoform glucuronide (0.8 mM) did not change the P/O ratio (22) . If this holds true for diaphragm also, then a possible explanation for the depressant action and the rise in muscle tone caused by chinoform is that the drug inhibits the biosynthesis of ATP which is essential for the muscle to contract and relax. Indeed, such a rise in muscle tone and depressant action on the muscle twitch responses to direct and indirect stimuli can be re produced by 2,4-dinitrophenol or by replacing oxygen mixture with 100% nitrogen in bath fluid.
Knowledge of the contractile process of the skeletal muscle is still in a fragmentary state, and yet another possible explanation for the intracellular site of action of chino form may be offered. It has been generally assumed that the contraction of striated muscle is caused by a release of calcium from sites on the terminal cisternae of the sarcoplasmic reticulum when local current passes across this membrane area (23) (24) (25) (26) . Some drugs such as caffeine (27) , urea and oleic acid (28) , ADP (29) have been found to cause calcium re lease from sarcoplasmic reticulum. If this released calcium cannot be pumped back into sarcoplasmic reticulum due to certain factors, for example, chinoform, then irreversible contraction will result. Of course, lack of ATP also results in irreversible contraction as in the case of rigor mortis.
The high CiJCO ratios obtained in the incubation experiments, together with the irre versible action of chinoform, strongly suggest that chinoform retention must involve either some "pump-in" mechanism or intracellular binding. Regarding the binding sites of chinoform and the mechanism of accumulation of the drug, the authors consider that chine form uptake is largely the result of intracellular binding.
